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Abstract
BACKGROUND—The micronutrient depletion hypothesis proposes that consecutive pregnancies 
spaced too closely may leave insufficient time for maternal micronutrient replenishment. Short 
interpregnancy intervals (IPI) have been associated with an increased risk for several adverse 
pregnancy outcomes, but an association with gastroschisis risk has not been previously explored.
METHODS—Within a population-based, case-control study, we evaluated the association 
between IPI length and gastroschisis risk using multivariable logistic regression models to estimate 
gastroschisis odds ratios for IPI <12 months and 12 to 17 months relative to those 18 to 23 
months. We further evaluated the association between IPI and gastroschisis risk stratified by 
maternal age, periconceptional multivitamin use, preceding pregnancy outcome, study center 
region, and season of conception to explore whether observed associations were compatible with 
the hypothesis of maternal micronutrient depletion.
RESULTS—For women with IPI <12 months, the adjusted odds ratio (aOR) was 1.7 (95% 
confidence interval [CI]: 1.1–2.5). The magnitude of the observed effect did not differ among 
strata of maternal age or periconceptional multivitamin use. However, the association was more 
pronounced after a miscarriage or termination (aOR: 2.5; 95% CI: 1.1–5.6) and among women 
who resided in northern study areas (aOR: 2.8; 95% CI: 1.3–5.9). The higher risk observed with 
short IPI among women in northern study areas was attenuated for spring/summer conceptions.
CONCLUSION—Short IPI was associated with an increased risk for gastroschisis, particularly 
among women whose preceding pregnancy resulted in a miscarriage or termination and among 
those who resided in northern study areas with winter/fall conception.
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INTRODUCTION
Gastroschisis is a birth defect in the abdominal wall from which the contents of the 
abdominal cavity project outside of the body at birth. Unlike omphalocele, which occurs 
when portions of the gut that normally protrude into the umbilicus during weeks 6 through 
10 of development fail to migrate back into the abdominal cavity, gastroschisis originates 
from incomplete closure of the lateral wall folds by the fourth week of gestation (Sadler, 
2009). Although the etiology of gastroschisis is largely unknown, its strong association with 
young maternal age is well established (Rasmussen and Frías, 2008). As such, research has 
focused on behavioral and lifestyle characteristics more common in young women as 
potential causal factors. Significant associations with gastroschisis have been identified for 
maternal cigarette smoking (Feldkamp et al., 2008a), alcohol consumption (Torfs et al., 
1994), urogenital infections (Feldkamp et al., 2008b), and some medications including non-
aspirin non-steroidal anti-inflammatory drugs and antihypertensive drugs (Werler et al., 
2009), but none have explained the differential increase in risk observed with young 
maternal age.
Short interpregnancy interval has been identified as a risk factor for a number of adverse 
pregnancy outcomes including preterm birth, low birth weight, and neural tube defects (Zhu 
et al., 1999; Afflick and Hessol, 2000; Todoroff and Shaw, 2000; Zhu et al., 2001; Conde-
Agudelo et al., 2005; Fuentes-Smith et al., 2003; van Eijsden et al., 2008). The leading 
hypothesis to explain the increased risks suggests that short intervals may be a marker for a 
deficiency in nutritional reserves needed to support normal fetal development (King, 2003). 
Maternal stores of important micronutrients such as vitamins A, B6, B12, D3, zinc, and 
folate, decline during pregnancy and, although most rebound relatively shortly after delivery, 
folate and vitamin D3 take several months (Bruinse and van den Berg, 1995; Holmes et al., 
2009). Certain vulnerable groups may require longer intervals to replenish micronutrient 
stores between pregnancies. Young mothers may represent one such subpopulation given 
their increased nutritional requirements for their own growth and development compared 
with older mothers (King, 2003).
To our knowledge, this is the first study to evaluate the association between interpregnancy 
interval length and gastroschisis risk and explore whether the relationship is compatible with 
the hypothesis of maternal micronutrient depletion.
METHODS
Study Design
This study was approved by the institutional review boards of the individual National Birth 
Defects Prevention Study (NBDPS) study centers and the Centers for Disease Control and 
Prevention. The study population comprised gastroschisis case subjects and nonmalformed 
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control subjects born to multigravid women who enrolled in the NBDPS with expected 
delivery dates between October 1997 and December 2007.
The NBDPS methodology has been described in detail previously (Yoon et al., 2001). 
Briefly, the NBDPS is a population-based, case-control study that utilizes data from the 
surveillance systems in 10 states (Arkansas [AR], California [CA], Georgia [GA], Iowa 
[IA], Massachusetts [MA], North Carolina [NC], New Jersey [NJ], New York [NY], Texas 
[TX], and Utah [UT]) to identify birth defect case subjects. Birth defect cases included in the 
NBDPS are those determined by site clinical geneticists to meet the criteria for inclusion 
based upon a detailed review of medical records. Those with a known cause (i.e., single gene 
disorders or chromosomal disorders) are ineligible to participate in the NBDPS. Eligible 
gastroschisis case subjects from all sites undergo secondary review by a single clinical 
geneticist for classification and to ensure standardization of the eligibility criteria. 
Gastroschisis case subjects are classified as having an isolated malformation if the 
gastroschisis occurred as the only major defect or as the primary defect in a sequence. 
Otherwise, those with accompanying anomalies are classified as having multiple 
malformations. Nonmalformed control subjects are randomly selected annually among live 
births within the defined geographic areas of each study center from electronic birth 
certificates (IA, MA, NJ, NC, and UT) or from the delivery records of those hospitals 
contributing birth defects case subjects (CA, NY, and TX). AR and GA used hospital 
selection at the beginning of the study and then switched to birth certificate selection in 
2001. Case and control subjects are excluded if they are adopted or in foster care and if their 
mother is deceased, incarcerated, or does not speak English or Spanish.
NBDPS participation rates were similar for gastroschisis case (67%) and control (66%) 
subjects. Mothers were interviewed within 24 months after their estimated date of delivery 
(EDD) by telephone about demographic and reproductive factors, pregnancy history, health 
behaviors, and lifestyle characteristics. On average, mothers of controls were interviewed 
slightly sooner after the EDD (9 months) than mothers of gastroschisis cases (10 months).
Interpregnancy Interval
Interpregnancy interval was computed as the time period of completed months between the 
actual date of delivery, miscarriage, or termination of the most recent recognized pregnancy 
preceding the study pregnancy and the estimated date of conception of the study pregnancy. 
The date of conception was calculated as the EDD minus 266 days or for subjects missing 
an EDD as the date of the last menstrual period plus 14 days. When the day was missing for 
the end of the previous pregnancy, the 15th of the month was used to compute 
interpregnancy interval (31% of cases, 19% of controls). Although both very short and very 
long intervals have been associated with poor pregnancy outcomes, the etiologic 
mechanisms of the two exposures are likely very different with the micronutrient depletion 
hypothesis being specific to short intervals. Our primary aim was to assess the effect of short 
interpregnancy intervals on gastroschisis risk, so we restricted our analyses to mothers who 
reported at least one previous pregnancy, or who had an interpregnancy interval <24 months 
in which the preceding pregnancy was a singleton (263 cases, 3025 controls). The cutoff of 
24 months was selected based on previous literature assessing the effect of short 
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interpregnancy intervals on adverse pregnancy outcomes in which intervals of 18 to 23 
months were associated with the lowest risk (Conde-Agudelo et al., 2006). Subjects were 
assigned to an interval category based on their computed interpregnancy interval (<12 
months, 12–17 months, and 18–23 months).
Covariates
Socio-demographic factors that were evaluated as potential confounders included maternal 
age (continuous), race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), 
years of education (<12, ≥12), and study center region (northern: ≥37°N latitude, southern: 
<37°N latitude). Reproductive and pregnancy characteristics were also assessed including 
number of previous pregnancies (1, 2, or more), pre-pregnancy body mass index categories 
(underweight, normal weight, or overweight/obese), pregnancy intention (intended/
ambivalent, unintended/unwanted, or missing), multivitamin use during the periconceptional 
period defined as the period 3 months before conception through the first month of the study 
pregnancy (yes, no), and the outcome of the most recent previous pregnancy (live birth, 
stillbirth, miscarriage, elective termination, or molar/tubal pregnancy). Behavioral and 
lifestyle factors were also evaluated including maternal smoking and maternal alcohol use 
from 1 month before conception through the first trimester (yes, no). Mothers who reported 
using medications or procedures for infertility (5 cases, 217 controls), those missing the 
outcome of the preceding pregnancy (2 cases, 10 controls), or missing information on 
multivitamin use (2 cases, 6 controls) were excluded.
Analyses
All analyses were performed using PC-SAS (version 9.2, SAS Institute, Cary, NC). 
Distributions of maternal characteristics (frequency and percents) were computed by case-
control status and among nonmalformed controls by interpregnancy interval category. 
Simple logistic regression models were used to quantify associations between each of the 
covariates and gastroschisis as well as short interpregnancy interval (among controls). A 
covariate was considered to be associated with gastroschisis or short interpregnancy interval 
if the resulting odds ratio (OR) for at least one level of the covariate was <0.85 or >1.15, 
regardless of statistical significance. Logistic regression models were used to estimate the 
crude and adjusted gastroschisis ORs and associated 95% confidence intervals (CIs) for each 
category of interpregnancy interval using 18 to 23 months as the reference category. Relative 
risks were estimated from ORs. The initial multivariable model (full model) included those 
covariates judged to be associated with both short interpregnancy interval and gastroschisis 
(i.e., maternal age, maternal race/ethnicity, number of previous pregnancies, pregnancy 
intention, outcome of previous pregnancy, maternal smoking, maternal alcohol consumption, 
and multivitamin use). Each covariate was then independently removed from the full model. 
The covariate that resulted in the smallest change in the OR for short interpregnancy interval 
when removed was permanently eliminated from the full model. A similar process was used 
with successive models until a final model was achieved in which all retained covariates 
resulted in a >10% change in the OR if removed. The final model included terms for 
maternal age and outcome of previous pregnancy.
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Maternal age was examined as a potential effect modifier, on the basis that micronutrient 
stores may be lower in younger mothers whose bodies are still undergoing development. 
Periconceptional multivitamin supplementation may help replenish depleted micronutrients 
in women with short interpregnancy intervals. Therefore, the association between short 
interpregnancy interval and gastroschisis risk was evaluated separately among mothers who 
used any multivitamin supplements during the periconceptional period and those who did 
not use multivitamin supplements during the periconceptional period. Although stratification 
by periconceptional multivitamin supplementation status is helpful in evaluating the 
nutritional depletion hypothesis, it is only reflective of the collective effect of micronutrients 
for which supplementation is a major contributor. Particularly among pregnant women who 
are advised to avoid a number of natural sources of vitamin D such as liver and certain fish, 
the predominant source of vitamin D3 is its photo-synthetic production in response to UVB 
exposure (Holmes et al., 2009), which declines along a south-north gradient (Webb et al., 
1988). Therefore, study center region, as a rough estimate of differential UVB exposure by 
latitude and, hence, vitamin D3 status, was assessed as a potential effect modifier. NBDPS 
centers were classified by region based on latitude. A latitudinal cut-point of 37°N was 
chosen because above that latitude there is an 80 to 100% reduction in the amount of UVB 
photons reaching the earth’s surface in winter and, as a result, little to no vitamin D3 is 
produced (Cockburn et al., 1980). In contrast, more vitamin D3 synthesis occurs year-round 
at latitudes below 37°N (Holick, 2004). NBDPS centers with study areas at latitudes 37°N or 
above were classified as northern (IA, MA, NJ, NY, and UT) and those with study areas 
located at latitudes below 37°N were classified as southern (CA, AR, TX, GA, and NC). 
Because the 37th parallel north transects the California study area, the latitude of the center 
point of the study area, Fresno County, was used to classify case and control subjects from 
the California center as southern. To account for the seasonal variation in UVB exposure, 
analyses by region were further stratified by season of conception (winter/fall, spring/
summer). Effect measure modification by outcome of the previous pregnancy was also 
examined (live birth, miscarriage, or termination) because there may be less nutritional 
demand for very short pregnancies.
RESULTS
Examination of the entire distribution of interpregnancy interval lengths revealed that the 
majority of both cases (~61%) and controls (~55%) had interpregnancy intervals <24 
months. Similar to findings previously reported for other adverse pregnancy outcomes (e.g., 
preterm birth and low birth weight), the overall relationship between interpregnancy interval 
length and gastroschisis risk was J-shaped with intervals <12 months and >36 months 
exhibiting the highest risk (Fuentes-Afflick and Hessol, 2000; Zhu et al., 2001; Smith et al., 
2003; Conde-Agudelo et al., 2005; van Eijsden et al., 2008).
A total of 254 cases of gastroschisis and 2792 nonmalformed controls born to mothers with 
at least one previous pregnancy and interpregnancy intervals <24 months were included in 
the analyses of the effect of short interpregnancy interval on gastroschisis risk. The 
distribution of maternal demographic, reproductive, and lifestyle characteristics for 
gastroschisis cases and nonmalformed control subjects are provided in Table 1. Compared 
with control mothers, gastroschisis case mothers were younger, less likely to have a high 
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school diploma, and less likely to be overweight/obese before the index pregnancy. They 
also were more likely to have an unintended pregnancy, to have a preceding pregnancy that 
resulted in a termination or miscarriage, to have smoked or binge drank, and to have used 
multivitamin supplements in the periconceptional period. Among nonmalformed control 
subjects, mothers with interpregnancy intervals <12 months were younger, had fewer 
previous pregnancies, were more likely to have an unintended pregnancy, and to have 
smoked or binge drank. They also were less likely to be underweight or to have a preceding 
pregnancy that resulted in a live birth.
The crude and adjusted odds ratios (aORs) by interpregnancy interval are presented in Table 
2. Overall, women with interpregnancy intervals <12 months had an increased risk of 
gastroschisis relative to those with intervals of 18 to 23 months (aOR: 1.7; 95% CI: 1.1–2.5).
To evaluate the nutritional depletion hypothesis, we first stratified by maternal age and found 
that the increased risk observed for short interpregnancy intervals was evident in both 
mothers under 25 years of age (aOR: 1.8; 95% CI: 1.1–2.9) and those 25 years of age or 
older was (aOR: 1.7; 95% CI: 0.8–3.7). We then stratified by the use of multivitamin 
supplementation in the periconceptional period (Table 3). Among mothers who did not use 
multivitamin supplements during the periconceptional period, those with interpregnancy 
intervals <12 months had an adjusted 1.8-fold higher risk of gastroschisis (95% CI: 1.0–3.0). 
A similar association was observed among mothers who did use multivitamin supplements 
in the periconceptional period but it was not statistically significant (aOR: 1.5; 95% CI: 0.7–
2.9). Next, we stratified by study center region. Interpregnancy intervals <12 months were 
associated with a 2.8-fold increase in the risk of gastroschisis in northern study areas (95% 
CI: 1.3–5.9), but no significant increase in risk was observed in southern study areas (aOR: 
1.3; 95% CI: 0.8–2.2). Results were unchanged in a subanalysis of southern study areas 
excluding California, the only NBDPS state that is intercepted by the 37th parallel cutoff 
(aOR: 1.3; 95% CI: 0.7–2.5). Analyses by region were further stratified by season of 
conception (Table 4). This joint stratification by center region and season of conception 
showed that among women residing in northern center regions, the elevated gastroschisis 
risk observed for short interpregnancy intervals was more pronounced for those with winter/
fall conceptions (aOR: 4.1; 95% CI: 1.4–12.3) than for those with spring/summer 
conceptions (aOR: 1.8; 95% CI: 0.7–5.3). Last, we stratified by the outcome of the 
preceding pregnancy. Among women whose preceding pregnancy resulted in a miscarriage 
or termination, interpregnancy intervals <12 months were associated with a 2.5-fold higher 
gastroschisis risk (95% CI: 1.1–5.6). In contrast, we observed no association between short 
interpregnancy and gastroschisis risk among those whose preceding pregnancy outcome was 
a live birth (aOR: 1.3; 95% CI: 0.8–2.2). Due to sample size limitations, we were unable to 
independently assess the association between interpregnancy interval and gastroschisis for 
other previous pregnancy outcomes (i.e., stillbirths).
Analyses restricted to women with no family history of major birth defects were not 
materially different from analyses including all women; therefore, the latter are presented to 
take advantage of the larger sample size. Analyses were performed using all gastroschisis 
case subjects meeting the study inclusion criteria, then the final models were reevaluated 
using only those with isolated gastroschisis. Following this restriction, the ORs for 
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gastroschisis comparing interpregnancy intervals <12 months to those of 18 to 23 months 
did not change by more than 10% from those obtained using the full dataset; therefore, only 
the results based on the full analysis dataset are presented here.
DISCUSSION
In this population-based, case-control study, women with interpregnancy intervals <12 
months were 1.7 times as likely to have an infant with gastroschisis compared to women 
with intervals of 18 to 23 months. Further analyses of this association in various subgroups 
did not suggest that the observed association is due to general nutritional depletion. We 
surmised that women under 25 years of age, those who did not use multivitamins in the 
periconceptional period, and those whose preceding pregnancy was a live birth were most 
vulnerable to micronutrient depletion, but the association between short interpregnancy 
interval and gastroschisis risk was not further elevated in these women. The effect of short 
interpregnancy interval was more pronounced among women who resided in northern study 
areas (aOR: 2.8; 95% CI: 1.3–5.9) particularly those who conceived during fall/winter 
months.
That periconceptional multivitamin use did not offset the observed association with short 
interpregnancy interval led us to consider a role for vitamin D3, because previous studies 
have identified vitamin D3 insufficiency among pregnant women despite multivitamin 
supplementation (Cockburn et al., 1980; Holmes et al., 2009). The association between short 
interpregnancy interval and gastroschisis risk was restricted to mothers giving birth in study 
areas above 37°N latitude suggesting differences in vitamin D3 status may be involved in the 
association between short interpregnancy interval and gastroschisis. Although the 
differential effect by region may be due to other factors that exhibit a north-south gradient 
(e.g., fruit and vegetable consumption [Agudo et al., 2002]), that the effect of short 
interpregnancy interval on gastroschisis risk observed among women in northern areas was 
restricted to those with winter/fall conceptions and was attenuated among those with spring/
summer conceptions provides additional support for involvement of vitamin D3.
We unexpectedly found a more pronounced effect of short interpregnancy interval on 
gastroschisis risk among women whose previous pregnancy was a miscarriage or 
termination, which we assumed to result in less maternal micronutrient depletion than 
preceding pregnancies of longer duration. Why a greater gastroschisis risk relative to short 
interpregnancy interval would be observed for pregnancies preceded by a miscarriage or 
termination is unclear. It is possible that a causal mechanism through which short 
interpregnancy interval may lead to gastroschisis may also be associated with miscarriage 
and terminations. For example, vitamin D3 has important immunomodulatory functions 
(Holick, 2007) and immunologic imbalances have been implicated as a risk factor for 
miscarriage (Evans et al., 2004). Additionally, vitamin D3 depletion may occur as a result of 
excessive inflammatory responses to uterine trauma after elective terminations. It is also 
possible that women whose preceding pregnancy resulted in miscarriage or termination 
represent subpopulations with greater risk for poor pregnancy outcomes overall. Our 
findings that short interpregnancy intervals were most strongly associated with an increased 
risk of gastroschisis among women who may be more likely to be vitamin D3 deficient and 
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among women whose preceding pregnancy was a miscarriage/termination are compatible 
with results of others who have suggested that a possible immunologic or inflammatory 
mechanism may be involved in the etiology of gastroschisis (Chambers et al., 2007; Rittler 
et al., 2007; Draper et al., 2008; Feldkamp et al., 2008a; Feldkamp et al., 2008b).h
Advantages of this study include its population-based case ascertainment, case classification 
by clinical geneticists, and detailed information on reproductive histories and multiple 
potential confounders. Although we relied on self-reported dates for the pregnancy 
preceding the study pregnancy to calculate interpregnancy interval, we expect that recall of 
dates of previous pregnancy outcomes would be of similar accuracy for both case and 
control mothers. However, there are limitations to our study. Estimates of interpregnancy 
interval were based on recognized pregnancies only. It is possible that there may have been 
early pregnancy losses between the previous recognized pregnancies and the study 
pregnancies resulting in interpregnancy intervals being similarly misclassified as longer for 
both case and control mothers. As a result, the association between short interpregnancy 
interval and gastroschisis risk may be underestimated. Controls participating in the NBDPS 
are comparable to the base population with respect to many maternal characteristics, but 
there are small differences in distributions related to maternal race/ethnicity and education 
level (Cogswell et al., 2009). If short interpregnancy interval is associated with maternal 
race/ethnicity or education level, then the distribution of interpregnancy intervals included in 
our study may not be representative of the base population. Participation rates were 67% for 
cases and 66% for controls. In a subanalysis of Massachusetts center participants and 
nonparticipants, we found that participants were more likely to have short interpregnancy 
intervals than nonparticipants, especially among cases. Consistent with this trend, the 
association between short interpregnancy interval and gastroschisis occurrence was 
attenuated when both MA participants and nonparticipants were included (OR = 3.0; 95% 
CI: 0.9–7.9) compared with those observed among MA participants only (OR = 4.0; 95% 
CI: 0.9–17.7). If participation is related to interpregnancy interval in the same fashion for all 
NBDPS centers, then our results may be an overestimate of the association that would be 
observed using all eligible subjects. In the absence of a better surrogate, we used study 
region above or below 37°N latitude as an indicator of vitamin D3 status. This is a crude 
proxy and may represent other unmeasured factors that exhibit a north-south gradient. 
Studies using more accurate measures of vitamin D3 status are needed to substantiate our 
findings. Additionally, in our stratified analyses, some exposure categories included small 
numbers of gastroschisis cases and sample size limitations precluded our ability to stratify 
by multiple factors simultaneously. Last, although we assessed the potential for confounding 
by a number of maternal socio-demographic, reproductive and behavioral characteristics, 
residual confounding by uncontrolled or poorly controlled factors is always a possibility.
A number of studies have shown that short interpregnancy intervals are associated with 
adverse pregnancy outcomes including preterm birth (Smith et al., 2003; van Eijsden et al., 
2008), low birth weight (van Eijsden et al., 2008) and neural tube defects (Todoroff and 
Shaw, 2000). The current study suggests a similar association with gastroschisis.
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